1. Introduction {#sec0005}
===============

Direct electron transfer (DET) of proteins has been receiving fast growing interests from the fields of biochemical and biophysical sciences [@bib0005; @bib0010]. Because of their larger molecular size and the inaccessibility of the protein redox centers to many substrates, it is generally difficult to achieve their DET [@bib0015; @bib0020]. Promoters and mediators are usually employed to prompt and/or facilitate DET. Recently, a new approach to realize direct electrochemistry of proteins is to incorporate the proteins into appropriate thin films modified on the electrode surface. Such thin films may provide a favorable microenvironment for the proteins and enhance DET between the protein and the electrode, thus offering opportunities for investigating the enzyme electrochemistry [@bib0025; @bib0030]. Direct electrochemistry of redox proteins can also provide a model for the mechanistic study of electron transfer between the enzymes in real biological systems and is of significance in fabricating the third-generation biosensors [@bib0035; @bib0040].

Myoglobin (Mb) is a heme protein which has a single polypeptide chain with an iron heme inside as the prosthetic group [@bib0045]. Electron transfer between Mb in solution and bare solid electrode is usually very slow and the electrochemical behavior is unstable and very sensitive to the sample purity and the nature of the electrode surface [@bib0050]. Efforts have been made to improve the electron transfer characteristics of Mb by using thin film modified on electrodes to enhance the DET of heme proteins [@bib0055; @bib0060; @bib0065].

Nanostructured thin films have proven to provide a favorable microenvironment for proteins or enzymes to conduct DET [@bib0070]. Several forms of carbon nanomaterial electrodes, such as carbon nanotubes and carbon nanofibers, have been used for electroanalytical applications [@bib0075; @bib0080; @bib0085]. Graphene and its derivatives have attracted much research interest as novel materials with an excellent electrical conductivity [@bib0090; @bib0095], mechanical strength and chemical stability [@bib0100; @bib0105; @bib0110]. Because of their electrocatalytic ability and ease of modification [@bib0115], graphene-modified electrodes have been fabricated to study electrochemical and catalytic behavior of some biomolecules [@bib0120; @bib0125; @bib0130]. Unlike rolled structured carbon nanotubes (CNTs), graphene is a two-dimensional plenary sheet with open structure, hence both sides of graphene could be utilized for supporting enzymes.

Graphene oxide (GO) sheets are chemically exfoliated graphite oxide sheets with carboxylic groups at the edges and phenol, hydroxyl and epoxy groups on the basal planes [@bib0135]. Recently, GO and GO composite materials have been used to fabricate pH sensor [@bib0140], photovoltaic device [@bib0145], supercapacitor [@bib0150] and biosensors [@bib0155]. GO films modified on the electrode surface have been used for the study of proteins [@bib0160].

Nafion membranes combine the extremely high hydrophobicity of the polytetrafluoroethylene backbone with the high hydrophilicity of the sulfonic acid side-groups alternatively arranged along the polymeric chain. The sulfonic acid groups that are known to aggregate into cluster, allowing fast transport of ions and serving as a polymer electrolyte. They are widely used as supporting materials for catalytic species and for modifying electrodes [@bib0165; @bib0170].

In this paper, GO sheets synthesized by Hummers method [@bib0175] were employed to fabricate thin film modified electrode. Mb was then incorporated within GO sheets and Nafion composite films. The composite films were characterized by Fourier transform infrared spectroscopy (FT-IR), scanning electron microscopy (SEM), UV--vis spectroscopy and electrochemistry techniques. Electrochemical catalytic reductions of hydrogen peroxide (H~2~O~2~), sodium nitrite (NaNO~2~) and oxygen (O~2~) at the Mb--GO--Nafion films were also investigated.

2. Experimental {#sec0010}
===============

2.1. Chemicals {#sec0015}
--------------

Horse heart myoglobin (Mb, *M*~W~ 17,800), Nafion (5 wt% aliphatic alcohols solution) and nature flake graphite were purchased from Sigma, and used as received without further purification. Potassium ferricyanide (K~3~\[Fe(CN)~6~\]) was obtained from Qingdao Chemical Engineering Plant. All other chemicals were of analytical grade.

The buffer was usually 0.05 M sodium acetate, 0.05 M boric acid, 0.05 M citric acid, or 0.05 M sodium dihydrogen phosphate, all containing 0.1 M potassium bromide. The pHs of buffers were regulated with HCl or NaOH solutions. Deionized (DI) water purified twice successively by ion exchange and distillation was used to prepare solutions. The working solutions of H~2~O~2~ and NaNO~2~ were freshly prepared.

2.2. Preparation of GO sheets {#sec0020}
-----------------------------

GO was synthesized with the Hummers method [@bib0175]. Nature flake graphite was added to a flask with 50 mL of 98% H~2~SO~4~ in an ice bath, followed by slow addition of KMnO~4~ and NaNO~3~ under stirring. Then, DI water was added and the temperature was raised to 98 °C. H~2~O~2~ was subsequently added into the flask. After the resultant mixture cooled to room temperature, the mixture was filtrated and the filtered product was dried overnight at 60 °C. The product was suspended in water to yield a brown dispersion, which was subjected to dialysis to remove residual metal ions and acids. The purified dispersion was sonicated for 1.5 h at 300 W to exfoliate the GO, and unexfoliated GO was removed by centrifugation (4000 rpm, 5 min). At last, the GO sheets were obtained.

2.3. Preparation of Mb--GO--Nafion composite film {#sec0025}
-------------------------------------------------

Glassy carbon (GC) electrode (geometric area 0.16 cm^2^) was polished with metallographic SiC sand paper, followed by on a clean billiard cloths. After rinsing with DI water, the GC electrode was sonicated with DI water for about 30 s.

GO solution (1 mg/mL) was prepared by dissolving GO sheets in DI water with ultrasonication for about 1 h. To get the best cyclic voltammetry (CV) responses of Mb--GO--Nafion films, the concentration of Mb, the ratio of Mb/GO/Nafion, and the total volume of Mb--GO--Nafion dispensed on the GC electrode were optimized. Typically, 3 μL of 1 mg/mL GO suspension, 10 μL of 1 mg/mL Mb and 5 μL Nafion solution (0.05 wt%) were spread evenly onto a freshly abraded GC electrode respectively with a microsyringe. A small bottle was fit tightly over the electrode to serve as a closed evaporation chamber so that water was evaporated slowly. The Mb--GO--Nafion films were dried in air overnight. The GO--Nafion films were prepared in a similar way without the presence of Mb.

2.4. Apparatus and procedures {#sec0030}
-----------------------------

A CHI 760C electrochemical analyzer (CH Instruments) was used for cyclic voltammetry (CV), square-wave voltammetry (SWV) and alternating current impedance (AC impedance). In electrochemical measurements, a regular three-electrode cell was used with a saturated calomel electrode (SCE) as reference, a platinum wire as counter electrode, and a GC electrode coated with films as working electrode. All experiments were performed at ambient temperature (20 ± 2 °C). The Mb--GO--Nafion films electrode were stored in a refrigerator at 4 °C.

Voltammetry on Mb--GO--Nafion electrodes was carried on in buffers. Prior to electrochemical measurements, buffers were purged with highly pure nitrogen for at least 10 min, and nitrogen environment was then maintained over the solution in the cell to protect the solution from oxygen. In the experiments of oxygen, measured volume of air was injected via a syringe into the solution, which had been previously degassed with nitrogen.

UV--vis spectra were measured with a TU-1901 spectrophotometer. Scanning electron microscopy (SEM) measurements were conducted on a JSM-6390LV with an acceleration voltage of 20 kV. Fourier transform infrared (FT-IR) spectra were taken on a Nicolet 5700 spectrophotometer. Sample films for SEM, UV--vis measurements were prepared on the quartz slides. For example, the Mb--GO--Nafion films were prepared by deposition of the GO, Mb and Nafion suspension on the surface of the quartz slides.

3. Results and discussion {#sec0035}
=========================

3.1. Characterization of GO sheets and Mb--GO--Nafion composite film {#sec0040}
--------------------------------------------------------------------

[Fig. 1](#fig0005){ref-type="fig"} shows the FT-IR spectra of samples. It is seen that the GO sheets carried the O---H (a strong absorption band at 3420 cm^−1^ due to O---H stretching vibrations), C000000000000 000000000000 000000000000 111111111111 000000000000 111111111111 000000000000 000000000000 000000000000O (the CO stretching vibrations from carbonyl and carboxylic groups at 1750 cm^−1^), and C---O (C---OH stretching vibrations at 1200 cm^−1^ or O---C---O stretching vibrations at 1050 cm^−1^) groups [@bib0180], indicating the attachment of oxo-groups on GO sheets after the chemical oxidation of flake graphite.

For graphite, only O---H stretching vibrations at 3450 cm^−1^, and CC stretching vibration at 1620 cm^−1^ were observed ([Fig. 1](#fig0005){ref-type="fig"}a) [@bib0185].

For the Mb--GO--Nafion films ([Fig. 1](#fig0005){ref-type="fig"}c), a strong absorption band appeared at about 3420 cm^−1^ which is attributed to the O---H stretching vibrations of GO. The absorption bands at 1240 cm^−1^ and 1160 cm^−1^ were much higher than that for GO films, most probably due to CF~2~ asymmetric and symmetric stretching vibrations. The band at 1160 was due to the S---O symmetric stretching, and the band at 985 cm^−1^ was due to C---F stretching vibration [@bib0190]. The results confirmed the presence of Nafion in the composite films. The additional absorption peaks at 2360 cm^−1^ and 2940 cm^−1^ might be caused by H~2~O in Nafion [@bib0195].

FT-IR spectroscopy can also provide detailed information on the secondary structure of proteins [@bib0200], and was used to detect possible conformational change of Mb in GO--Nafion films. We focused on the region of 1700--1500 cm^−1^ where the characteristic amide I band at 1700--1600 cm^−1^ is caused by CO stretching vibrations of peptide linkage, and the characteristic amide II band at 1600--1500 cm^−1^ results from a combination of N---H in-plane bending and C---N stretching of the peptide groups. Since GO and Nafion also showed IR absorbance in the same region [@bib0190; @bib0195], the peaks in the 1500--1700 cm^−1^ region in the spectrum of the composite films were apparently higher than that for GO films only. By comparison, the amide I (1660 cm^−1^) and amide II (1550 cm^−1^) bands of Mb in the FTIR spectrum of Mb--GO--Nafion appeared at the same places as that of Mb alone [@bib0205]. And the slight shift of amide I band from 1650 cm^−1^ to 1660 cm^−1^ revealed the interaction between Mb and the GO--Nafion composite. Therefore, Mb entrapped in the GO--Nafion composite film retained its native secondary structure.

[Fig. 2](#fig0010){ref-type="fig"} shows the SEM images of the GO sheets and the Mb--GO--Nafion composite films. The GO sheets shown in [Fig. 2](#fig0010){ref-type="fig"}a displayed tiny wrinkles over the whole surface with mountainous peaks. The regions where two or more layers overlap can be clearly seen. In contrast, the Mb--GO--Nafion composite film appeared relatively flat and featureless at the same magnification ([Fig. 2](#fig0010){ref-type="fig"}b). This difference suggested there exist some type of interaction between GO, Mb, and Nafion, which governed the morphology of the dried films. Such interactions may also be responsible for retention of Mb in the composite films and beneficial to the electron transfer of Mb in the films with underlying electrodes.

3.2. UV--vis spectroscopy of Mb--GO--Nafion composite film {#sec0045}
----------------------------------------------------------

[Fig. 3](#fig0015){ref-type="fig"} illustrates the UV--vis spectra of dry Mb film, Mb--GO--Nafion composite films on quartz slides and the composite films in different pH buffer solutions. Typically, the shape and position of the Soret absorption band of heme protein can provide information about possible denaturation of the heme proteins [@bib0210]. From the UV--vis spectrum, Mb solution at pH 5.5 has a Soret band at 408 nm [@bib0215]. Both dry films cast from Mb and Mb--GO--Nafion on transparent quartz slides showed Soret band at 409 nm ([Fig. 3](#fig0015){ref-type="fig"}a and b), suggesting that Mb in dry GO--Nafion films has a secondary structure nearly the same as the native state of Mb in dry Mb films alone.

The influence of pH external solution on the Soret band of the films was also tested. At pHs between 5.0 and 11.0, the Soret band appeared at 409 nm ([Fig. 3](#fig0015){ref-type="fig"}c--f), suggesting that Mb in the composite films also keeps its original structure in the medium pH range. When pH shifted to more acidic or more basic direction, the Soret band showed blue-shift and shape distortion. For example, the sharp absorption peaks almost disappeared at pH 4.0 and 12.0 ([Fig. 3](#fig0015){ref-type="fig"}g and h), indicating that Mb in the GO--Nafion composite films may denature to a considerable extent under relatively extreme pH conditions.

3.3. Alternating current impedance {#sec0050}
----------------------------------

AC impedance is a powerful tool to probe the features of surface-modified electrode. The AC impedance spectrum normally displays a semicircle portion and a linear portion. The semicircle diameter at higher frequencies corresponds to the electron-transfer resistance (*R*~ct~), and the linear part at lower frequencies corresponds to the diffusion process [@bib0220]. The diameter of the semicircle usually equals the *R*~ct~, which controls the electron-transfer kinetics of the redox probe at the electrode interface [@bib0225]. In this film system, *R*~ct~ mainly reflects the restricted diffusion of the probe through the film phase and relates directly to the accessibility of the underlying electrode or the film permeability [@bib0230; @bib0235].

[Fig. 4](#fig0020){ref-type="fig"} showed the results of the AC impedance in the form of Nyquist diagrams at different film electrodes with the redox probe of \[Fe(CN)~6~\]^3−/4−^ at its formal potential (0.17 V vs SCE). The typical semicircles were observed for the films in AC impedance responses. The values of *R*~ct~ could be estimated by using the Randle\'s equivalent circuit [@bib0240] (inset of [Fig. 4](#fig0020){ref-type="fig"} top) as the model and fitting the impedance data into the model. In Randle\'s equivalent circuit, it was assumed that the *R*~ct~ and the Warburg impedance (*Z*~w~) were both in parallel to the interfacial capacity (*C*~dl~). This parallel combination of *R*~ct~ and *C*~dl~ gives rise to a semicircle in the complex plane plot of *Z*′ (the impedance against the real component) against *Z*″ (the imaginary component). The fitted *R*~ct~ values for the blank GC electrode, GO films, GO--Nafion and Mb--GO--Nafion films were 913.4, 4759.4, 3491.8, and 7604.6 Ω, respectively. These data showed that the GO--Nafion films have been successfully attached to the electrode surface and formed a tunable kinetic barrier. Compared with the GO films (4759.4 Ω), the attaching of Nafion in the film reduced the *R*~ct~ by more than 1000 Ω, implying that the Nafion films may play an important role similarly to a conducting wire or electro-conducting tunnel, which make it easier for the electron transfer to take place [@bib0245].

For Mb--GO--Nafion films, the diameter of the semicircles in the AC impedance response became larger ([Fig. 4](#fig0020){ref-type="fig"}d), indicating that the adsorption of Mb on the GO--Nafion films lead to a great increase in resistance and the interfacial charge transfer of the probe became difficult. Perhaps because of larger molecular size of Mb, which hinder the access of the probe to the electrode surface.

3.4. [D]{.smallcaps}irect electron transfer (DET) of Mb {#sec0055}
-------------------------------------------------------

The DET of Mb was achieved by immobilizing Mb within GO sheets and Nafion composite films. When a Mb--GO--Nafion film electrode was immersed into pH 5.5 buffers, a pair of well-defined and nearly symmetrical redox peaks was observed at about −0.312 V vs SCE after several cycles of CV scans ([Fig. 5](#fig0025){ref-type="fig"}d), characteristic of the heme Fe(III)/Fe(II) redox couple [@bib0250]. The DET of Mb on the GC electrodes was greatly enhanced in Mb--GO--Nafion composite films. This indicates that the GO--Nafion composite films provide a favorable microenvironment for the proteins.

To investigate the influence of Nafion and GO sheets on the electron transfer between Mb and the electrode, two other Mb films, Mb--Nafion ([Fig. 5](#fig0025){ref-type="fig"}b) and Mb--GO ([Fig. 5](#fig0025){ref-type="fig"}c), were assembled on the GC electrode surface, and their electrochemical behavior toward Mb was compared with Mb--GO--Nafion films. The results showed that two pairs of redox peaks were observed at the similar position for MbFe(III)/Fe(II) couple but with much smaller peak heights than those of Mb--GO--Nafion films under the same conditions. The difference among the three Mb films in CV response was also listed in [Table 1](#tbl0005){ref-type="table"}. Compared with the other two Mb films, the peak current (*I*~pc~) of the Mb--GO--Nafion films was the largest among the three films. These results suggested that Mb--GO--Nafion films displayed the best performance on enhancing the DET between Mb and the electrodes, and demonstrated that the good behaviors of Mb are due to the combination effects of GO sheets and Nafion in the layer.

On the other hand, Mb--GO films showed a much less stability than Mb--Nafion and Mb--GO--Nafion films on GC electrodes. Usually, the films could not adhere to GC electrode for more than one day in the buffer. If a Mb--GO film on GC was removed from buffer, washed with water, then placed into buffer again and CVs were run, the electrochemical response will became weaker than before, and it would even peel off from electrode quickly. Probably because of the poorer adhesion of the GO films to the electrode and the leaking of Mb from the GO films on the GC electrode surface. Further attaching Nafion to the composite films could effectively prevent the leakage of Mb from the matrix and improve the stability of the composite films.

CVs of Mb--GO--Nafion films had roughly symmetric peak shapes and nearly equal heights of reduction and oxidation peaks. The reduction peak currents increased linearly with scan rates from 0.1 to 2.0 V/s. Integration of reduction peaks gave nearly constant charge (*Q*) values independent of scan rate. All these results are characteristics of thin-layer electrochemical behavior, in which all electroactive proteins in the films are reduced on the forward cathodic scan, with full conversion of the reduced proteins to their oxidized forms again on the reversed anodic scan [@bib0255]. The surface concentration of electroactive proteins (*Γ*\*) can be estimated by integration of CV reduction peak and applying the equation of *Q* = *nFAΓ*\* [@bib0260], where *Q* is the total amount of charge passing through the electrode for reduction of electroactive Mb Fe(III) in the films, *A* is the area of the electrode, *n* and *F* have their usual meanings. The *Γ*\* Mb in the GO--Nafion films was 7.68 × 10^−11^ mol/cm^2^ in pH 5.5 buffer solutions. Among the three kinds of Mb-films, the composite Mb--GO--Nafion films demonstrated the largest *Γ*\* value.

The Mb--GO--Nafion composite film electrodes exhibit excellent stability. No significant decrease of peak currents of CVs was observed after the 10 cyclic voltammetry scan cycles. The films stored in buffers retained their peak positions and heights for more than 30 days.

3.5. Influence of pH on voltammetry {#sec0060}
-----------------------------------

CVs of Mb--GO--Nafion films showed a strong dependence on pH of external buffers. An increase of pH in solution led to a negative shift in potential for both reduction and oxidation peaks for Mb--GO--Nafion films, accompanied with the change of CV peak shape ([Fig. 6](#fig0030){ref-type="fig"}). In general, all changes in CV peak potentials and currents with pH were reversible between pH 4.0 and 11.0. For example, CVs for Mb--GO--Nafion film in pH 7.0 buffers were reproduced after immersion in pH 5.0 buffers and then returning the film to the pH 9.0 buffers. CV data were used to investigate the pH effect on the formal potential (*E*^o′^), which was estimated as the midpoint of reduction and oxidation peak potentials. *E*^o′^ varied linearly with pH from 4.0 to 11.0 with a slope of −52.07 mV/pH. This slope value was close to the theoretical value of −57.6 mV/pH at 18 °C for a reversible, one-proton-coupled single electron transfer [@bib0260; @bib0265]. This slope suggests that a single proton accompanies the one-electron transfer between each heme group and electrodes, which could be represented by

An inflection point appeared in the *E*^o′^--pH plot at pH 4.0 for Mb--GO--Nafion films ([Fig. 6](#fig0030){ref-type="fig"} insert). At pH \< 4.0, the variation of *E*^o′^ values with pH showed a much smaller slope, suggesting that protonation of Mb took place below pH 4.0 and the protonatable site of proteins associated with the electrode reaction has an apparent p*K*~a~ value of 4.0 [@bib0270; @bib0275].

3.6. Square-wave voltammetry {#sec0065}
----------------------------

Square-wave voltammetry (SWV) combined with nonlinear regression analysis which is based on the Marquardt--Levenberg algorithm, assuming absolute errors in dependent variables [@bib0280] was used here to estimate *E*^o′^ and apparent heterogeneous electron-transfer rate constant (*k*~s~) for Mb--GO--Nafion composite films. It has the advantage over CV in signal-to-noise ratio and resolution [@bib0285], and easier to analyze theoretically and quantitatively. The nonlinear regression analysis for SWV forward and reverse curves using a model that assumes diffusionless, thin-layer electrochemical conditions and it neglects rate limiting ion entry or ejection, electron self-exchange, and molecular interactions within the films. So it is suitable for between-film comparisons to obtain *k*~s~ by this method for the rate of the overall electron transfer process relied on films and electrode properties.

The analysis of the SWV results for the Mb--GO--Nafion composite films ([Fig. 7](#fig0035){ref-type="fig"}) showed accuracy of fit on the 5-*E*^o′^ dispersion model over a range of pulse amplitudes and frequencies. The average *k*~s~ obtained by fitting SWV data at pH 5.5 for Mb--GO--Nafion films was 25.05 s^−1^ and the average *E*^o′^ was −0.314 V vs SCE, which are in good agreement with those obtained by CVs with *E*^o′^ at −0.312 V. Although the *k*~s~ values are different from other protein films, 40 for Mb--DDAB--Nafion [@bib0290], 31 for Mb-DDAB films [@bib0270], they are in the same magnitude, showing that the electron transfer of Mb with underlying GC electrodes in Mb--GO--Nafion films was fairly facile, which was qualitatively consistent with the well-defined and quasi reversible CVs.

3.7. Electrocatalytic activities {#sec0070}
--------------------------------

Electrocatalytic behavior of the Mb--GO--Nafion films toward various substrates was investigated. Catalytic reduction of hydrogen peroxide at the Mb--GO--Nafion film electrodes was examined by CV ([Fig. 8](#fig0040){ref-type="fig"}A). When H~2~O~2~ was added to a pH 5.5 buffer, an increase in reduction peak at about −0.312 V was observed with the disappearance of the oxidation peak for MbFe(II). The reduction peak current increased with the concentration of H~2~O~2~ in solution. However, no direct reduction current was observed at GO--Nafion film electrodes in the presence of H~2~O~2~ in this potential range.

The exact mechanism of catalytic reduction of H~2~O~2~ on Mb--GO--Nafion films is as yet unclear, but most probably similar to that of a horseradish peroxidase (HRP) film system [@bib0295], since Mb and HRP are all heme proteins and have similar electrochemical properties. It is known that, in the absence of reductant substrates and with excess of H~2~O~2~, the horseradish peroxidase behaves like catalase, where H~2~O~2~ acts either as an oxidant or as a reductant [@bib0300; @bib0305]. Thus, the oxidation product of Mb by H~2~O~2~, designated as Compound I, may be reduced by H~2~O~2~ through a two-electron transfer pathway and produce native state MbFe(III) again and O~2~.

It seems impossible that H~2~O~2~ would undergo predisproportionation in solution when Mb is not present in the films, since no CV response was observed at the reduction potential of O~2~ at GO--Nafion film electrodes when H~2~O~2~ was added in buffers ([Fig. 8](#fig0040){ref-type="fig"}A(b)). Thus, the catalytic reduction of H~2~O~2~ with Mb--GO--Nafion films might be expressed by the following general reactions [@bib0295]:

The electrocatalytic reduction of H~2~O~2~ at Mb--GO--Nafion film electrodes was also studied by amperometry ([Fig. 8](#fig0040){ref-type="fig"}B), which is one of the most widely employed techniques for biosensors. The constant potential was set at −0.1 V vs SCE, and the catalytic reduction current was monitored when aliquots of H~2~O~2~ were added every 40 s. The stepped increase of H~2~O~2~ concentration in buffers caused the corresponding growth of reduction currents ([Fig. 8](#fig0040){ref-type="fig"}B(b)) in the linear range of 6.25--87.5 μM (*R*^2^ = 0.997) with a calculated detection limit of 2.5 μM (S/N = 3) and a better sensitivity of 0.185 μA/μM cm^2^ for Mb--GO--Nafion films. In contrast, at GO--Nafion film electrode, no current response was observed after the addition of H~2~O~2~ ([Fig. 8](#fig0040){ref-type="fig"}B(a)).

The operational stability experiment of Mb--GO--Nafion films was also executed with measuring current response to 0.625 mM H~2~O~2~ by CV method every week for three weeks in pH 5.5 buffers. The electrode was stored in pH 5.5 buffer in a refrigerator at 4 °C when not in use. The catalytic current response maintained about 83% of the initial signal within three weeks of storage. Four independently fabricated electrodes were tested in 0.03 mM H~2~O~2~ solution, relative standard deviation was 1.76%. The results indicate that the Mb--GO--Nafion modified electrode expressed excellent operational stability and reproducibility.

In addition, Mb--GO--Nafion film electrode also shows electrochemical catalytic behavior towards the reduction of O~2~. A significant increase in reduction peak at about −0.312 V was observed at Mb--GO--Nafion film electrodes when a certain amount of air was passed through a pH 5.5 buffers with a microsyringe in a sealed cell ([Fig. 9](#fig0045){ref-type="fig"}A). Increasing the amount of injected air would result in the increase of the reduction peak and this increase in reduction peak was accompanied by the disappearance of the oxidation peak of MbFe(II), suggesting that MbFe(II) had reacted with oxygen and forms MbFe(II)---O~2~ in Eq. [(5)](#eq0025){ref-type="disp-formula"}, and produced MbFe(II)---O~2~ will receive two electrons at electrodes and return to MbFe(II) again in Eq. [(6)](#eq0030){ref-type="disp-formula"}. It is the production of O~2~ that makes the electrochemical catalytic behavior of H~2~O~2~ very similar to that of O~2~ at film electrodes.

Catalytic efficiency which expressed as the ratio of reduction peak current of MbFe(III) in the presence (*I*~c~) and absence (*I*~d~) of oxygen in pH 5.5 buffers. The value of *I*~c~/*I*~d~ decreased with the increase of scan rate from 0.1 V/s to 2.0 V/s ([Fig. 9](#fig0045){ref-type="fig"}B). All these are characteristics of electrochemical catalytic reduction of oxygen by Mb--GO--Nafion films [@bib0310; @bib0315].

Electrocatalytic reduction of nitrite was also observed at Mb--GO--Nafion films. As shown in [Fig. 10](#fig0050){ref-type="fig"}, a new reduction peak at about −0.73 V was observed when NaNO~2~ was added into pH 5.5 buffers ([Fig. 10](#fig0050){ref-type="fig"}d and e), which increased with the further addition of NaNO~2~. This reduction product at −0.73 V was most likely N~2~O, which was detected previously by chromatography and mass spectroscopy with Mb-DDAB (didodecyldimethylammonium bromide) films on electrolysis at −0.895 V in pH 7.0 buffers [@bib0320]. Direct reduction of NO~2~^−^ at GO--Nafion film electrodes was found at the potential more negative than −1.2 V ([Fig. 10](#fig0050){ref-type="fig"}b). The Mb--GO--Nafion films showed a linear relationship between the reduction peak current of NO~2~^−^ and the concentration of NO~2~^−^ in the range of 1.25--22.5 mM with a detection limit of 0.75 mM (*R*^2^ = 0.998).

4. Conclusions {#sec0075}
==============

In this work, GO sheets was used to immobilize Mb for fabricating thin films on the electrode surface for biosensor applications. Adding Nafion to the films was found not only effectively improve the stability of the resulting Mb--GO--Nafion films, but also enhance the permeability and electrical conductivity of the GO sheets. The composite Mb--GO--Nafion films provided a favorable microenvironment for Mb to display good electrochemical and catalytic activities towards different substrates of biological and environmental significance. Moreover, the films also displayed an excellent analytical performance in determining H~2~O~2~ with a wide linear range, a good sensitivity and a low detection limit. Therefore, such multicomponent films with integrated GO sheets, Nafion binder and Mb have potential applications in developing novel electrochemical biosensors or bioreactors.
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![FT-IR spectra of (a) graphite, (b) GO, and (c) Mb--GO--Nafion composite.](gr1){#fig0005}

![SEM images of (a) GO films and (b) Mb--GO--Nafion films with the same magnification.](gr2){#fig0010}

![UV--vis absorption spectra of Mb and Mb--GO--Nafion films on quartz slides: (a) dry Mb film, (b) dry Mb--GO--Nafion film; Mb--GO--Nafion composite films in different pH buffer solutions: (c) pH 5.0, (d) pH 7.0, (e) pH 9.0, (f) pH 11.0, (g) pH 4.0, and (h) pH 12.0.](gr3){#fig0015}

![Nyquist plots of the different electrodes in a pH 7.0 buffer solutions containing 5.0 mM \[Fe(CN)~6~\]^3−/4−^. The frequency range was from 10^−2^ to 10^5^ Hz with perturbation amplitude of 5 mV. (a) Blank GC electrode, (b) GO--Nafion film GC electrode, (c) GO film GC electrode, and (d) Mb--GO--Nafion film GC electrode. The insert picture in the top is the equivalent circuit.](gr4){#fig0020}

![Cyclic voltammograms of (a) GO--Nafion film, (b) Mb--Nafion film, (c) Mb--GO film, and (d) Mb--GO--Nafion film in pH 5.5 buffer solutions (scan rate of 0.2 V/s).](gr5){#fig0025}

![Influence of pH on CVs for Mb--GO--Nafion GC electrode at a scan rate of 0.2 V/s. The small picture enclosed is the influence of pH on *E*^o′^ estimated from CVs for Mb--GO--Nafion GC electrode at a scan rate of 0.2 V/s.](gr6){#fig0030}

![Square wave forward and reverse current voltammograms for Mb--GO--Nafion films in pH 5.5 buffers at different frequencies. Dashed lines represent the experimental SWV from which the background has been subtracted. Solid lines are the best fit obtained by nonlinear regression onto the 5-*E*^o′^ dispersion model. SWV condition: pulse height: 60 mV, step height 4 mV, and frequencies (Hz): (a) 130, (b) 150, (c) 170, and (d) 190.](gr7){#fig0035}

![(A) Cyclic voltammograms at 0.1 V/s in 8 mL of pH 5.5 buffers for GO--Nafion GC electrode with (a) no H~2~O~2~; (b) 37.5 μM H~2~O~2~; and for Mb--GO--Nafion GC electrode with (c) no H~2~O~2~; (d) and (e) 37.5 μM, 75 μM H~2~O~2~ respectively. (B) Amperometric response of (a) GO--Nafion film and (b) Mb--GO--Nafion films at −0.1 V in pH 5.5 buffer solutions with 6.25 μM H~2~O~2~ injected every 40 s.](gr8){#fig0040}

![(A) Cyclic voltammograms at 0.1 V/s in 8 mL of pH 5.5 buffers for GO--Nafion GC electrode with (a) no O~2~; (b) 15 mL of air was injected into a sealed cell; and for Mb--GO--Nafion GC electrode with (c) no O~2~; (d) and (e) 30 mL, 60 mL of air was injected respectively. (B) The influence of scan rate on catalytic efficiency (*I*~c~/*I*~d~) in pH 5.5 buffers, which is the CV reduction current in 8 mL buffers with 15 mL of air injected.](gr9){#fig0045}

![Cyclic voltammograms at 0.1 V/s in 8 mL of pH 5.5 buffers for GO--Nafion films in buffers containing (a) no NaNO~2~; (b) 2.5 mM NaNO~2~; and for the Mb--GO--Nafion films in buffers containing (c) no NaNO~2~; (d) 2.5 mM NaNO~2~; and (e) 5 mM NaNO~2~.](gr10){#fig0050}

###### 

The electrochemical parameters for different Mb-films on GC electrodes.

  Films            *E*^o′^ (V vs SCE)   Δ*E*~p~ (mV)   *I*~pc~ (μA)   *Γ*\* (×10^−11^ mol cm^−2^)
  ---------------- -------------------- -------------- -------------- -----------------------------
  Mb--GO           −0.303               68             2.23           4.94
  Mb--Nafion       −0.310               48             2.40           6.59
  Mb--GO--Nafion   −0.312               36             3.31           7.68

*E*^o′^: the formal potential estimated as the midpoint of reduction and oxidation peak potentials; Δ*E*~p~ = *E*~pa~ − *E*~pc~: the separation between the anodic and the cathodic peak potentials; *I*~pc~: the cathodic peak current; *Γ*\*: the surface concentration of electroactive Mb in different Mb-films. These data were estimated by CVs in pH 5.5 buffers.
